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ABSTRACT
This paper uses radial colour profiles to infer the distributions of dust, gas and star
formation in z = 0.4–1.4 star-forming main sequence galaxies. We start with the stan-
dard UVJ -based method to estimate dust extinction and specific star formation rate
(sSFR). By replacing J with I band, a new calibration method suitable for use with
ACS+WFC3 data is created (i.e. UVI diagram). Using a multi-wavelength multi-
aperture photometry catalogue based on CANDELS, UVI colour profiles of 1328
galaxies are stacked in stellar mass and redshift bins. The resulting colour gradi-
ents, covering a radial range of 0.2–2.0 effective radii, increase strongly with galaxy
mass and with global AV . Colour gradient directions are nearly parallel to the Calzetti
extinction vector, indicating that dust plays a more important role than stellar popu-
lation variations. With our calibration, the resulting AV profiles fall much more slowly
than stellar mass profiles over the measured radial range. sSFR gradients are nearly
flat without central quenching signatures, except for M? > 1010.5M, where central
declines of 20–25 per cent are observed. Both sets of profiles agree well with previous
radial sSFR and (continuum) AV measurements. They are also consistent with the
sSFR profiles and, if assuming a radially constant gas-to-dust ratio, gas profiles in
recent hydrodynamic models. We finally discuss the striking findings that SFR scales
with stellar mass density in the inner parts of galaxies, and that dust content is high
in the outer parts despite low stellar-mass surface densities there.
Key words: galaxies: formation – galaxies: high-redshift – galaxies: photometry –
galaxies: star formation – dust, extinction
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1 INTRODUCTION
Radial star-formation gradients are crucial for determining
how stellar mass is built up in galaxies as they evolve along
the star-forming main sequence (e.g., Brinchmann et al.
2004; Noeske et al. 2007; Elbaz et al. 2007), and how and
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where the star-forming process shuts down. UV-optical star
formation measurements are typically ambiguous without
proper dust corrections (e.g., Meurer et al. 1999; Kriek et al.
2009; Brammer et al. 2009; Patel et al. 2011; Murphy et al.
2011; Reddy et al. 2012), so spatially resolved star-formation
and dust need to be measured together. Moreover, a signifi-
cant fraction of high-redshift star-forming galaxies are very
dusty, with integrated AV values up to 2.5 mag (Williams
et al. 2009; Brammer et al. 2009; Patel et al. 2011). This
means that dust could be seriously distorting our view of the
structure of these galaxies as observed in optical light. Dust
gradients have often been overlooked or treated to be subor-
dinate when studying distant galaxies (e.g., Tacchella et al.
2015; Nelson et al. 2016b), which may cause non-negligible
biases in conclusions about the SFR and stellar age distri-
butions.
Radial AV profiles may also give insights into the gas
surface density distribution, if provided with the inference
of gas-to-dust ratio (e.g. Rachford et al. 2009; Bolatto et al.
2013; Sandstrom et al. 2013; Genzel et al. 2013 ). Measur-
ing gas distributions in distant galaxies requires high angu-
lar resolution, which is not usually available at radio wave-
lengths. AV maps can substitute for gas maps until better
data are available.
Only a few methods have been used so far to measure ra-
dial dust and star-formation rate (SFR) gradients in distant
galaxies. The main challenge is obtaining high-resolution im-
ages at all wavelengths that each method requires. Hα and
H β images from 3D-HST grism data (Brammer et al. 2012;
Momcheva et al. 2016) yield maps of Hα and the Balmer
decrement as a function of position (Nelson et al. 2016a).
However, the S/N is low, and samples have to be extensively
stacked in order to obtain results. Moreover, using the popu-
lar WFC3/G141 grism, both emission lines are only available
in the limited redshift range z = 1.35–1.5. The UV β-slope
method (Meurer et al. 1995, 1997, 1999) measures attenua-
tion from the excess slope of the far-UV stellar continuum
but is reliable only for objects having long UV exposures, be-
cause ultraviolet photons are heavily absorbed. ALMA (the
Atacama Large Millimeter/submillimeter Array) is provid-
ing new high-resolution information in the form of images of
cool dust shrouding star-forming regions (e.g., Barro et al.
2016; Dunlop et al. 2017). However, the current ALMA sam-
ple pool is not large enough for statistical studies.
The most common method for dust determination at
high z involves fitting attenuated stellar population models
to the integrated broad-band spectral energy distributions
of galaxies (e.g., Kriek et al. 2009). Patel et al. (2011) show
that this method is closely related to the classic U−V versus
V − J two-colour method (UVJ ) that distinguishes dust red-
dening from old stars. The so-called UVJ diagram has been
widely utilized to identify quenched galaxies (Labbe´ et al.
2005; Wuyts et al. 2007; Williams et al. 2009) and also to
give AV and the dust-corrected specific star formation rate
(sSFR) values consistent with the conventional SED fitting
results Fang et al. (2017, submitted). Broad-band HST im-
ages also have the advantages of high S/N, wide accessi-
ble redshift range, and large samples to permit investigating
second-parameter effects.
As of this writing, only one paper, Liu et al. (2016), has
used high-resolution HST optical-IR images (in B through H
band) to measure dust and sSFR gradients in star-forming
main sequence galaxies (hereafter SFMS galaxies). Their
analysis uses an annular aperture photometric catalogue
based on images taken as part of the CANDELS program
(Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey, Grogin et al. 2011; Koekemoer et al. 2011) on HST.
The study concluded that at z = 0.4–1.4, dust extinction is
the principal cause of rest-frame NUV − B colour gradients
at low stellar mass (M? < 1010.5M), while for high-mass
galaxies (M? > 1010.5M) age gradients are also a factor.
The present paper is built upon the same annular pho-
tometric catalogue used by Liu et al. (2016) but with two
differences. First, Liu et al. (2016) used the fast spectral
fitting program (Kriek et al. 2009) to obtain AV and sSFR
in each galaxy annulus. We instead base our results on the
same UVJ method as used by Fang et al. (2017, submit-
ted), which has the advantage of showing the raw data di-
rectly on the UVJ plane and providing a simple intuitive
geometric interpretation of them. Second, the SED fits of
Liu et al. (2016) lacked long-wavelength (IRAC) data points
because high-resolution HST imaging ends at H band. Be-
cause the effects of omitting IRAC from SED fitting are not
well known, we prefer to use a method that is more securely
based on IRAC data. The UVJ calibration based on inte-
grated galaxy photometry including IRAC, meets this need
as well.
However, reproducing UVJ requires an indirect ap-
proach for z ∼ 1 because rest-frame J band has shifted to
the observed H band even at z = 0.4. We therefore first ver-
ify that U − V versus V − I diagram (hereafter UVI) works
nearly as well as UVJ for deriving AV and sSFR and then
synthesize usable V − I values from available HST B through
H imaging. This proves to be possible all the way out to
z = 1.4 because of the simple, log-linear slope of galaxy con-
tinua near 10,000 A˚, which generally lack strong spectral
features (except for emission in strongly star-forming galax-
ies; see Appendix A). The UVJ calibrations from Fang et
al. (2017, submitted) for AV and sSFR are then transferred
to the UVI plane in a manner that ensures no bias.
The organization of this paper is as follows. First we
stack raw galaxy colour gradients in stellar mass and redshift
bins and study their behavior on the UVI diagram. Basic
features such as the raw colour-gradient directions and corre-
lations with mass and redshift are revealed. The UVJ -based
calibrations are then utilized to convert raw UVI colours
into values of AV and sSFR, which are used to address the
following questions:
(i) What is the average AV radial profile and how does it
vary with stellar mass, redshift, and inclination? How does
dust surface density vary radially in comparison to stellar
mass?
(ii) What do dust-corrected sSFR profiles look like? Are
there signs of bulge quenching at small radii? How are these
results affected by uncertainties in the stellar population
models and the attenuation law?
(iii) How do our results compare to previous measure-
ments and to recent hydrodynamic models of galaxy forma-
tion?
The basic calibrations for both AV and sSFR in this work
were originally developed by Fang et al. (2017, submitted).
The AV values used are based on average fits by different au-
thors to CANDELS photometry, which have been tabulated
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Figure 1. Distribution of SMA (effective radius along the galaxy
semi-major axis), measured in the WFC3/F160W band, versus
stellar mass of the sample galaxies. Red points represent the se-
lected objects; gray points are those discarded after the angular
size cut (SMA> 0.18′′). Loss due to small angular size is larger
at small masses. Solid colour lines stand for the galaxy size-mass
relation along the SFMS at around z = 0.75 and z = 1.25 mea-
sured by van der Wel et al. (2014a) at rest-frame 5000 A˚, with 1σ
scatter indicated by the dashed lines. Objects discarded due to
small angular size lie among in the lower outliers of the size-mass
relation and mostly beyond the 1σ scatter range. The fraction of
gray points becomes significant only for logM?/M < 9.7.
in Santini et al. (2015). They amount to running SED fit-
ting codes (like fast, Kriek et al. 2009) on integrated galaxy
SEDs from B through IRAC passbands. The sSFR values
used Fang et al. (2017, submitted) technically differ from
the SED fitting values, but the differences are small and can
be ignored. The SED fits assume declining τ-models and a
foreground-screen Calzetti attenuation law (Calzetti et al.
1994, 2000), and most assume solar-metallicity. We collec-
tively refer to this SED-fitted body of data as the ‘conven-
tional method’ for finding AV and sSFR. It is possible that
some of our conclusions depend on this particular recipe,
and a critical discussion is given in Section 8.
A flat ΛCDM cosmology model with ΩM = 0.3 and
ΩΛ = 0.7 is adopted throughout this paper, and the Hubble
constant is set to be 70 km s−1 Mpc−1. The letter r represents
the radial distance to galaxy centres along the semi-major
axis unless otherwise stated. SMA represents the size of the
effective radius along the galaxy semi-major axis.
2 DATA AND SAMPLE SELECTION
Our work is based on two of the five CANDELS fields,
GOODS-South and UDS, for which photometry and galaxy
physical parameters have been well studied and compiled by
the CANDELS team. We make use of the multi-wavelength
photometry catalogues in GOODS-S and UDS (Guo et al.
2013; Galametz et al. 2013), the corresponding physical pa-
rameter catalogue (Santini et al. 2015), the morphology
structure catalogue (van der Wel et al. 2012), the SFR and
AV catalogue constructed by Fang et al. (2017, submitted),
and the multi-aperture photometry catalogue currently un-
der construction by Liu et al. (in prep.; see Liu et al. 2016
for more details).
Photometry measurements of the two fields are pro-
vided by Guo et al. (2013) and Galametz et al. (2013). PSF-
matching has been applied to these multi-wavelength pho-
tometry data using the tfit routine (Laidler et al. 2007).
Redshifts are obtained from a joint database of photometric
redshifts and spectroscopy redshifts. Spectroscopy redshifts
(Morris et al. 2015) are adopted in preference if available,
and the median photometric redshifts deduced from 11 dif-
ferent photo-z fitting methods are used otherwise (Dahlen
et al. 2013). The redshift values are used as input to obtain
integrated rest-frame magnitudes from FUV to K band us-
ing the eazy code (Brammer et al. 2008) and the templates
from Muzzin et al. (2013), as implemented by the CAN-
DELS team collaboration (D. Kocevski, S. Wuyts and G.
Barro). galfit fitting results (Peng et al. 2002) are avail-
able in the WFC3/F160W band, including the axis ratio
b/a, Se´rsic index from the single-component fitting, and the
half-light radius along the semi-major axis (SMA) (van der
Wel et al. 2012).
For stellar masses, we adopt the CANDELS ‘reference’
mass, which is the median of all SED fitting results after
being scaled to the Chabrier IMF (Chabrier 2003), to lessen
potential biases caused by any specific choice of SED fitting
assumptions (Santini et al. 2015). The stellar mass obtained
has a nominal scatter of around 0.1 dex. See Santini et al.
(2015) for details.
The galaxy-integrated sSFR and AV values are adopted
from Fang et al. (2017, submitted). Global visual dust at-
tenuation AV is the median value of five different model-
ing results from the physical parameter catalogue (Santini
et al. 2015), 2aτ , 2dτ , 12aτ , 13aτ , and 14aτ . These all follow
the conventional model, i.e., an exponentially declining star
formation history (SFH) and the Calzetti dust extinction
law applied as foreground screen. Three of the five meth-
ods have fixed stellar metallicity to solar abundance (2aτ ,
13aτ , 14aτ). Among the five methods, the 2aτ value is seen
to resemble most closely to the median AV value, with the
smallest scatter of 0.25 mag and no systematic deviation de-
tected. Therefore we equate the median AV values used in
this work as an equivalent outcome of solar metallicity SED
models.
Star formation rates (SFR) are the same as derived by
Fang et al. (2017, submitted) based on the luminosity at
2800 A˚, after the correction of dust extinction at 2800 A˚
(Calzetti et al. 2000; Kennicutt & Evans 2012):
SFR[M yr−1] = 2.59 × 10−10LNUV,corrected[L] (1)
Fang et al. (2017, submitted) tested the robustness of
this method by comparing the sSFR values with those de-
rived from UV and far-IR photometry and showed the two
values are consistent in a broad range, with typical scatter
of around 0.2 dex.
The spatially resolved photometry is retrieved from the
multi-band, multi-aperture photometry catalogue of CAN-
DELS (Liu et al., in prep.), which measures the annulus-
averaged radial surface brightness profiles in HST/WFC3
bands and HST/ACS bands. In brief, the aperture pho-
tometry is conducted after oversampling galaxy images in
a certain band using iraf and subtracting the sky back-
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Table 1. Sample Selection Cuts in the GOODS-South and UDS Fields
Cut GOODS-South UDS Total
Full catalogue 34930 (100%) 35922 (100%) 70852 (100%)
mWFC3/F160W 6 24.5 8565 (24.52%) 10077 (28.05%) 18642 (26.31%)
CLASS STAR < 0.9 8307 (23.78%) 9686 (26.96%) 17993 (25.40%)
Photometry FLAGS = 0 8091 (23.16%) 9012 (25.09%) 17103 (24.14%)
0.4 < z < 1.4 4188 (11.99%) 4671 (13.00%) 8859 (12.50%)
9.0 < logM?/M < 11.0 2477 (7.09%) 2725 (7.59%) 5202 (7.34%)
galfit FLAG = 0 2204 (6.31%) 2505 (6.97%) 4709 (6.65%)
Aperture photometry available 1984 (5.68%) 1895 (5.28%) 3879 (5.47%)
∆sSFR > −0.45 dex 1513 (4.33%) 1428 (3.98%) 2941 (4.15%)
b/a > 0.5 797 (2.28%) 773 (2.15%) 1570 (2.22%)
re,F160W > 0.18′′ 670 (1.92%) 658 (1.83%) 1328 (1.87%)
ground. For each galaxy, we always use elliptical annuli to
run the aperture photometry with fixed shape parameters,
including ellipticity, the position angle and the center posi-
tion, which are determined from fitting WFC3/F160W im-
ages with galfit. Annulus radii along the ellipse major axis
start with 0.04′′, expanding outward in logarithmic steps of
0.1 dex, and end when the surface brightness is lower than
26 mag/arcsec2. Therefore at 2 effective radii (∼1.2′′) of a
typical galaxy in our sample, the separation between two
consecutive apertures is around 5 times the drizzeld WFC3
pixel size (0.06′′), allowing the radial flux profile to be de-
termined by averaging a few tens of pixels. This procedure
substantially reduces photometry noise at galaxy outskirts.
To maximize the sample size and obtain accurate rest-
frame colours at the same time, we use the photometry
in two ACS bands (F606W and F814W) and two WFC3
bands (F125W and F160W) simultaneously, because they
are the only four bands that are well covered both in UDS
and GOODS-South. In order to avoid spurious colour gradi-
ents caused by the PSF (point spread function) mismatches
among different bands, all images are convolved to match
the resolution of WFC3/F160W (H band), which has a PSF
FWHM of 0.18′′. Rest-frame U − V and V − I colours from
z = 0.4 to z = 1.4 are then derived from the four observed-
frame bands using the empirical fitting relations derived Ap-
pendix A. A total of 1328 SFMS galaxies from the GOODS-
South and UDS fields that satisfy the following criteria are
selected. Sample sizes after each cut are listed in Table 1.
(i) WFC3/F160W band magnitude brighter than 24.5
mag.
(ii) SExtractor (Bertin & Arnouts 1996) parameter
CLASS STAR smaller than 0.9 to remove stars.
(iii) Both galfit and SExtractor flags equal to zero.
This ensures that the WFC3/F160W images are not con-
taminated by star spikes, haloes, image edges, or artifacts
and that the galfit fit is good (refer to van der Wel et al.
2012 for details).
(iv) Galaxy stellar mass M? within the range of M? =
109–1011M, and z = 0.4–1.4. For galaxies beyond z = 1.4,
the rest-frame V − I colour index cannot be obtained accu-
rately due to a lack of photometry information redder than
the WFC3/F160W band (see Appendix A).
(v) Aperture photometry available in the four
bands, ACS/F606W, ACS/F814W, WFC3/F125W,
and WFC3/F160W.
(vi) Green-valley galaxies and quiescent galaxies are re-
moved according to the positions on the sSFR-M? plane.
Following Fang et al. (2017, submitted), linear fittings of
the sSFR-M? relation are conducted in three redshift ranges,
0.2 < z < 0.5, 0.5 < z < 1.0 and 1.0 < z < 1.5, using a sample
of galaxies selected by criteria 1, 2, 3 itemized above and
9.0 < logM?/M < 11.0. The residual relative to these re-
lations, ∆sSFR, must be above −0.45 dex in order to select
only SFMS galaxies.
(vii) Axis ratio b/a > 0.5, where a and b are the effec-
tive radii along the galaxy projected semi-major and semi-
minor axes, as obtained from the WFC3/F160W galfit
fitting (van der Wel et al. 2012). This makes appropriate
correction of PSF-smearing effect in the following sections
possible, and also reduces reddening uncertainties by select-
ing out objects with high inclination (attenuation). We are
aware that the axis ratio cut can seriously bias the sample
towards intrinsically prolate or oblate objects, if our sample
contains comparable amounts of these two geometry types
and their ratio quickly varies with mass and redshift. How-
ever, as shown by van der Wel et al. (2014b), the prolate ob-
jects are only common (>20 per cent) in the mass-redshift
range of 9.0 < logM?/M < 9.5, 1.0 < z < 1.4 (named
as “prolate range” hereafter for convenience). In the other
ranges where our selected galaxies lie, the prolate popula-
tion is <20 per cent and the predicted variation of prolate
galaxy fraction with mass and redshift is only around ten
per cent. Therefore the considered selection bias should be
modest in the “prolate range” and negligible for the other
ranges. When the b/a cut is made to the “prolate range”
sample, 48.5 per cent of the galaxies are selected, a few per
cents smaller than the percentage (53.4 per cent) selected to
the whole sample, which can be explained by that slightly
more prolate objects with small axis ratio are being weeded
out compared with the whole sample. We stress that accu-
rate modelling of 3-D geometry parameters is helpful to fully
quantify the effect in future works.
(viii) Effective radius along the semi-major axis, SMA, in
the WFC3/F160W band is larger than the typical F160W
PSF size 0.18′′(3 pixels), to make sure that the colour gra-
dients are resolved.
The final sample distribution on the F160W size-mass plane
is plotted as the red points in Fig. 1. Galaxies satisfying cri-
teria 1–4 and 6–8 but having angular sizes smaller than re-
quired by criterion 5 are plotted as gray points. The angular
MNRAS 000, 1–22 (2017)
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Figure 2. Two-colour diagrams for CANDELS/GOODS-South & UDS galaxies at z = 0.4–1.4. Rest-frame colours are derived from the
eazy code (Brammer et al. 2008). Top: UVJ diagrams colour-coded by specific star-formation rate (sSFR) on the left and AV on the
right. Bottom: UVI diagrams for the same galaxies colour-coded in the same way. The black lines serve as the boundary to separate
quiescent galaxies from star-forming galaxies. The distribution of galaxies with different sSFR and AV values on the UVI plane follows
almost the same pattern as UVJ.
size of SMA spans from 0.30′′to 0.85′′, which is several times
the PSF FWHM size, and the corresponding SMAs are 2.5–
5.5 kpc. As seen from the plot, the angular size cut deletes
more low-mass galaxies, but almost all of the discarded ob-
jects lie beyond the 1σ range of the size-mass relation. This
lack of sample completeness in our work cannot be avoided
given the limited available resolution.
3 THE UVI COLOUR DIAGRAM
Two-colour diagrams are frequently used in analyzing the
character of stellar population ages and dust extinctions. A
common example is rest-frame U−V versus V−J (e.g., Labbe´
et al. 2005; Wuyts et al. 2007; Williams et al. 2009; Patel
et al. 2011). However, our reddest data being limited to 1.6
µm (WFC/F160W), rest-frame J band photometry becomes
increasingly uncertain beyond z ∼ 0.4. We therefore explore
the possibility of replacing J with a bluer rest-frame band
to construct an alternative two-colour diagram.
Fig. 2 shows the distribution of a selection of galaxies
on the U − V versus V − I plane (hereafter UVI ), as well
as in UVJ for comparison. All CANDELS GOODS-South
and UDS galaxies with 0.4 < z < 1.4, 9.0 < logM?/M <
11.0, and filtered by criteria 1, 2, 3 in Section 2 are shown.
Each point in the plot represents the integrated colours of an
individual galaxy. The colour codings show the distribution
patterns of sSFR and AV in UVI and UVJ, the latter initially
presented by Fang et al. (2017, submitted) and reproduced
here for reference. It is seen that UVI reproduces all the
main features of UVJ, including the quenched region and
the same distinctive patterns of sSFR and AV stripes.
The agreement between UVI and UVJ is consistent
with the smooth slope and small cosmic scatter of galaxy
SEDs in the V-I-J range. A drawback of the substitution is
that UVI has smaller dynamic range and thus places some-
what poorer constraints on sSFR and AV than UVJ. The
separation between the quenched population and the star-
forming region, as well as the width of SFMS ridge-line, is
therefore smaller in the UVI diagram than in UVJ. How-
ever we will estimate the associated uncertainty in Section
5 below and validate that UVI is a satisfactory substitute
for UVJ.
Fig. 2 shows boundary lines that separate quenched
galaxies from the SFMS population. The boundary lines
in UVJ are the same as those adopted for 1.0 < z < 2.0
by Williams et al. (2009) with the redshift dependence ne-
glected in this work for simplicity. For UVI, the boundary
lines are determined by visually confirming that objects on
the UVJ boundaries also lie on the boundary lines in UVI.
MNRAS 000, 1–22 (2017)
6 W. Wang et al.
Figure 3. UVI colour gradients for star-forming galaxies in mass-redshift bins, as indicated at the top and right margins. The radial
colour profiles are scaled by effective radius before stacking, without correction for PSF smearing. For each panel, the stacked radial
trajectories in U −V and V − I are plotted as the black curves. Dashed lines denote the Calzetti reddening vector. Mean integrated AV
and the number of sample galaxies are indicated at upper left in each panel, and the typical standard deviation of the mean of stacked
gradients is shown at lower right. The gradient trajectories follow the reddening vector, which indicates that most of the gradients are
caused by dust variations and that sSFR is nearly constant with radius.
4 UVI COLOUR GRADIENTS
4.1 Sample binning, PSF smearing effect, and the
stacking methods
Since galaxies evolve with mass and redshift, we divide the
sample into four stellar mass bins, 109.0–109.5M, 109.5–
1010.0M, 1010.0–1010.5M, and 1010.5–1011.0M, and four
redshift bins, 0.4–0.8, 0.8–1.0, 1.0–1.2, and 1.2–1.4 and stack
galaxy colour profiles in the same mass-redshift bin to re-
duce photometry uncertainty and cosmic scatter. However,
there are two challenges to be considered. First, the light
smearing effect caused by PSF on colour gradients must
be evaluated carefully, especially within 0.18′′(3 times the
drizzled WFC3 pixel size). Second, even in the same mass-
MNRAS 000, 1–22 (2017)
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redshift bin, galaxies can have non-negligible physical size
scatter, which may make the derived average colour pro-
files seriously dependent on the choice of the corresponding
positions to overlay the profiles. Our strategy to deal with
these is to generate and compare multiple versions of colour
gradients using different sample stacking methods (stacking
galaxy colour profiles on a fixed size scale in arcsec, ver-
sus stacking colour profiles after individual galaxy profiles
are normalised by their effective radii), and different treat-
ments of PSF smearing effect (no treatment versus correc-
tion based on a variety of prior models). We also do not
calculate colour gradients inside 0.2 effective SMA (around
0.7 kpc, or ∼ 0.06′′), where PSF smearing is overwhelmingly
important.
Since the photometry in all bands has been convolved
to match the WFC3/F160W resolution (Guo et al. 2013),
any influence caused by different PSF sizes of HST filters
has been eliminated. All galaxies receive the same statistical
weight in a stack. The maximum radial extent to measure
colour gradients is set to 2 times the SMA, where reliable
photometry is still available.
4.2 Colour gradients uncorrected for beam
smearing and stacked by radius scaled to SMA
This subsection shows raw stacked colour gradients with-
out any beam-smearing correction. First, we scale the radial
colour profiles of each individual galaxy by its SMA (effec-
tive radius along the galaxy major axis), by interpolating
between the apertures as described in Section 2. Then these
scaled colour profiles are stacked together to produce the
average profiles as shown in Fig. 3.
The grid of panels in Fig. 3 shows the shapes of the
stacked colour trajectories in UVI -space as a function of
mass and redshift. Each panel is a UVI diagram, and the
black lines are the paths taken by the colours in going from
the innermost radius (upper right) to the outermost radius
(lower left). The three symbols indicate local colours at 0.2
SMA (star), 1 SMA (open circle), and 2 SMA (dot). The
direction of dust reddening by the Calzetti law is shown as
the dashed lines.
The main feature of this figure is that gradient trajecto-
ries approximately follow the reddening vector, which indi-
cates that most of the gradients are caused by dust variations
and that sSFR is nearly constant with radius. This con-
clusion is unchanged under beam-smearing correction and
stacking by radius rather than scaled radius, as shown in
the next section.
4.3 Colour gradients stacked based on angular
distance and beam-smearing correction
Next, we turn to another stacking method of colour pro-
files and then evaluate and correct the beam-smearing effects
caused by the PSF.
To start with, galaxy colour profiles are stacked together
based on the angular distance in arcsec to their centers, in-
stead of the nomalisation used in Section 4.2. The resul-
tant colour gradients are shown as red curves in Fig. 4.
This stacking method ensures that the stacked profiles have
a well-defined angular resolution at each radius, which is
necessary to conduct the following PSF correction. We are
aware that this method holds out risk that different galaxy
parts are stacked together for galaxies with different angu-
lar sizes. However, fortunately when comparing these colour
profiles (red curves in Fig. 4) with those stacked by scaled
radii (Fig. 3), no significant difference is found, showing that
this issue does not alter our principal conclusions.
Regarding the PSF smearing effect, the observed shapes
of galaxy colour profiles can be different from the intrinsic
ones even though all the corresponding band images have
been PSF-matched. Qualitatively, for a galaxy with a light
distribution that is more centrally peaked in one band than
another, more light will be smeared out from the centre of
that band when convolved by the same PSF function. Be-
cause the presence of colour gradients is indicating that the
light in one band is indeed more centrally concentrated than
in another band, the PSF smearing effect across different
bands will cause the observed colour gradients to be smaller
than the intrinsic ones.
We model and correct this effect following Szomoru
et al. (2010). This method requires a prior model of the
intrinsic light distribution, and the final light profiles are
generated by adding the residual from fitting the observed
light profiles with the PSF-convolved model on to the prior
profiles. Although a prior assumption is always used, it has
been shown that the final result is insensitive to the choice
of prior, and the method also avoids false features caused by
noise, as can occur in the direct deconvolution method.
To implement this, the redder-band image of each filter
pair is modeled as a single Se´rsic component. The median
values of the Se´rsic indexes, effective radii, and ellipticities
of the galaxies in the stack, as retrieved from the CAN-
DELS WFC3/F160W morphology catalogue (van der Wel
et al. 2012), are used to construct this model. The bluer-
band image is modeled by adding various prior colour gra-
dient components on to the red image. These prior gradi-
ents are assumed to be proportional to log r except for the
central regions, with slope values obtained from fitting the
observed colour gradients between 0.6 SMA and 1.5 SMA,
where beam-smearing effects are small. Flat truncation or
linear interpolation of the prior colour gradients is adopted
within 0.05/0.1/0.2/0.3/0.4/0.5/0.6 SMA to avoid unphys-
ical logarithmic divergence at the centre and to cover all
physically probable conditions. The Szomoru et al. (2010)
procedure is then applied to all the prior models, and the
multiple colour gradients are generated based on different
priors. For a certain mass-redshift bin, the median values of
these generated curves are taken as the our PSF-corrected
colour profiles, while the maximum deviations from the me-
dians are retained as PSF-correction uncertainties.
For the purpose of demonstration, an example from the
stack with 9.5 < logM?/M < 10.0 and 1.0 < z < 1.2 is
shown in Fig. 5. As shown in the two upper panels of Fig. 5,
the corrected profiles are systematically redder in the centre
and mildly bluer in the outskirts.
The resultant PSF-corrected colour profiles for all red-
shift and mass bins are plotted as the blue curves in Fig. 4,
with error bars indicating the combined uncertainty of the
PSF-correction and the standard deviation of the stacked
profile. As expected, the PSF-correction stretches the length
of colour gradients on the UVI diagram by making galaxy
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Figure 4. This figure repeats the UVI colour gradients shown in Fig. 3 but now with colour profiles stacked based on the angular
distance (in arcsec) to galaxy centers. The red curves are the raw gradients, while the blue curves are the colour gradients after PSF-
correction, as explained in Fig. 5. Symbols, as annotated at the figure bottom, are the radial distances along the tracks in units of
SMAmed, the median angular size of galaxy SMAs in each mass-redshift bin. The red error bars are the typical standard deviation of the
stacked gradients. The blue error bars at the ends of the curves have had PSF correction uncertainties added in quadrature, defined as
the maximum deviation of the gray curves from the blue curves in Fig. 5.
colours redder in the centre and bluer in the outskirts. How-
ever, the overall effect of PSF-correction is not large.
4.4 Basic findings on stacked colour gradients
By comparing the overplotted red and blue curves in Fig. 4
with Fig. 3, we are able to capture certain basic features
in common. These features, as we have shown in Section
4.2 and Section 4.3, are robust against different treatments
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Figure 5. An example for the correction of PSF smearing effect on to the stacked radial gradients, for the mass-redshift bin 9.5 <
logM?/M < 10.0 and 1.0 < z < 1.2 (see the main text for details). Galaxies are stacked according to the angular galactocentric distance
in arcsec, but the x-axis is plotted as a fraction of the median angular effective radius of the stacked galaxies (SMAmed). Top: Original
measured U − V and V − I gradients are shown as red curves, and gray are the corrected curves assuming various prior models. Blue
are the median values of the gray curves, which is adopted throughout the paper as ‘PSF corrected colour gradients’ (See Section 4.3).
Bottom: The corresponding sSFR and AV radial profiles derived from colour gradients, using the UVI calibration method as will be
shown in Section 5. It is seen that the original effects of beam-smearing and their corrections are both small.
of PSF-correction and galaxy-radius stacking. They are the
foundation for drawing further scientific conclusions in the
rest of this article.
First, the most striking aspect of the figures is that the
gradient trajectories are all roughly parallel to the reddening
vector (except for small upturns near 2 SMA, which are
discussed below).
Second, all points lie well within the star-forming re-
gion on the UVI plane, indicating that on average the cen-
tres of galaxies are not observed to have quenched at our
raw resolution of 0.18′′, which is typically 1.5 kpc at z ∼ 1.
This can be extended down to 0.2 SMA (∼ 0.6 kpc) using
PSF-correction. Fig. 5 demonstrated that PSF-corrections
are small even at this radius, indicating that this region is
well resolved. Nearby bulges are roughly of this size (Re ∼ 0.7
kpc, Gadotti 2009; Gonza´lez Delgado et al. 2015, 2016). If
distant bulges have the same radial extent as local bulges
and if they are fully quenched at the epochs we are ob-
serving them, their centres should lie inside the quenched
region of the UVI diagram, but this is not seen, either for
the raw gradients or the corrected gradients. Instead, cen-
tral PSF-corrections tend to extend a bit further inward the
dust trends seen at larger radii.
Third, we find that the magnitude of the colour gradi-
ents increases significantly with mass at low M? ranges, es-
pecially from 109.5–1010.0M to 1010.0–1010.5M. But from
1010.0–1010.5M to 1010.5–1011.0M, the strength of colour
gradients tends to saturate. Considering that 1010M is ob-
served to be near the pivot mass of disk settling at in-
termediate and high redshifts (Kassin et al. 2012; Simons
et al. 2016), the strength of colour gradients, as an indicator
of the radial variation of underlining stellar population or
dust/ISM distribution, may be sensitive to and correlated
with disk formation. Elongation along the Calzetti vector
increases with both mass and global AV at fixed redshift,
but the increases with time at fixed mass are small. This is
in agreement with previous work showing that dust content
increases strongly with mass (e.g., Reddy et al. 2006, 2010;
Pannella et al. 2009). To first order, AV is well parametrized
by mass alone in our data. Nevertheless, we will show in
Fig. 7 that massive galaxies arriving at a given mass at late
times (e.g., 1010–1011M and z = 0.4–0.8) have slightly less
AV for their mass, perhaps reflecting a loss of ISM as star
formation shuts down.
The fourth noteworthy feature of Fig. 3 and Fig. 4 is
the smoothness of the gradient trajectories. The number
of galaxies averaged in each bin is evidently adequate to
smooth out the measurement noise in the individual pro-
files, along with the effects of any local structures like clumps
(e.g., Elmegreen & Elmegreen 2005; Wuyts et al. 2012; Guo
et al. 2012, 2015). Assuming that the underlying calibration
of UVI to dust and star formation is also smooth, this im-
plies that the resulting radial curves of sSFR and AV will
also be smooth. This proves to be the case, as will be shown
in Section 6.
The fifth feature of Fig. 3 and Fig. 4 is the slight up-
turns in the paths that are visible in the extreme outer parts
of galaxies near 2 SMA. Closer inspection shows these up-
turns to be about equally prominent at all masses but to be
stronger at late times (the lowest mass bin at lowest redshift
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Figure 6. A comparison between the original sSFR and AV
values obtained from the CANDELS catalogue (sSFRCANDELS and
AV,CANDELS), and the sSFR and AV derived from galaxy positions
on the UVI diagram (sSFRUVI and AV,UVI). Histograms of the
residuals are shown, with standard errors of the distribution σ
annotated at the upper right.
is particularly strongly affected). The origin of these upturns
is unknown. Probable interpretations can be that galaxies
are surrounded by old stars that were scattered from cen-
tral parts due to dynamical migration (Rosˇkar et al. 2008)
or accreted via minor mergers. Similar age or colour gradi-
ent turnover have been noted for local galaxies (e.g. Bakos
et al. 2008; Radburn-Smith et al. 2012; D’Souza et al. 2014;
Zheng et al. 2015). Also Wuyts et al. (2012) finds disks with
older stellar ages in the outskirts at z ∼ 1. The direction
of the upturn indicates older stars, and this will be evident
as a downturn in sSFR at the outer radii of our galaxies
at late times. The existence of these upturns and their un-
certain interpretation is the reason why we have truncated
our analysis at 2 SMA. Further consideration is beyond the
scope of this paper.
5 AV AND SSFR CALIBRATIONS
We turn now to the task of converting raw UVI colours into
values of AV and sSFR. As shown in Fig. 2, galaxies on the
UVI diagram exhibit clear sSFR and AV patterns with small
scatter. These ordered patterns make it possible to deduce
sSFR and AV values from the U − V and V − I of a whole
galaxy or of any part of a galaxy.
We start by creating a map of sSFR and AV in the UVI
plane. We do this by plotting integrated UVI colours as in
Fig. 2c and Fig. 2d, and dividing the resulting distribution
into multiple 0.05×0.10 mag rectangles. In each rectangle we
calculate the median CANDELS catalogue values of sSFR
and AV and assign them to the centre of the rectangle. In
this way, maps of sSFR map and AV are generated based on
the integrated properties of the galaxies. Then, given any
position on the UVI plane, the corresponding sSFR and
AV values are obtained by linearly interpolating among the
nearby rectangle centres.
To assess the results, we derive a set of sSFR and AV
values for all galaxies using integrated UVI colours as in
Fig. 2 (sSFRUVI and AV,UVI) and compare them to the orig-
inal values in the CANDELS catalogue (sSFRCANDELS and
AV,CANDELS). Histograms of the difference between the two
set of parameters are shown in Fig. 6. As annotated in the
figure, sSFR and AV can be constrained using UVI with an
rms accuracy of 0.15 dex and 0.18 mag respectively.
6 RADIAL PROFILES
6.1 Radial AV profiles
Using the calibration method developed in Section 5, the
PSF-corrected UVI colour profiles (blue curves in Fig. 4)
are converted to radial AV profiles, as shown in Fig. 7. Ra-
dial distances in arc seconds are rescaled to SMA units using
the median angular size of the stacked galaxies in each mass-
redshift bin. Coloured vertical line segments indicate the me-
dian physical position of 1 kpc. Shadowed regions account
for the scatter caused by the stacked colour profile uncer-
tainties (i.e., standard deviation of the mean) combined in
quadrature with the PSF correction uncertainties shown in
Fig. 5.
Fig. 7 bins galaxies by mass and colour-codes the AV
profiles by redshift. A steady increase of the attenuation
value, as well as the size of the radial gradient, with stel-
lar mass at fixed redshift is observed. In contrast, redshift
trends are much milder. Note that the conventional analysis
method we are using for AV and sSFR predicts dust attenu-
ation values as high as 1.0–2.5 mag in galaxy centres and up
to 1.5 mag at the outskirts. These high values, if real, mean
that our optical view of SFMS galaxy structure is highly
distorted by dust and that recovering accurate galaxy struc-
tural parameters depends on an accurate dust correction.
We return to this topic in Section 7.
A measure of the gradient size, ∆AV , is plotted versus
galaxy global AV in Fig. 8. ∆AV is defined as the difference
in AV between 0.2 SMA and 2.0 SMA. The points are colour-
coded by mass and redshift, and it is seen that a straight
line is tolerable fit with small Y intercept. This rough pro-
portionality indicates a consistent pattern in AV vs. radius
that is repeated from bin to bin. Over the measured radii,
∆AV averages about 0.4 AV , and also increases slightly with
time. Aside from this latter point, the rough proportionality
means that the development of dust inhomogeneity comes
along with dust production in a concordant fashion.
However, a major new finding in Fig. 7 is the ratio of
AV to stellar mass surface density, Σ?. Median Σ? profiles
are shown as the dotted lines in Fig. 7 based on stellar mass
profiles obtained by Liu et al. (in prep.) from fitting fast
(Kriek et al. 2009) to the multi-band aperture photometry
profiles. It is seen that stellar mass typically falls by a factor
of 10–20 from centre to edge whereas AV , which is strictly
proportional to dust surface density under the foreground
screen assumption, drops by a factor of 2. The dust to stellar
mass ratio therefore increases outward by roughly one dex.
This is perhaps unforeseen behavior and is discussed further
in Section 8.1.
6.2 Radial sSFR profiles
Radial sSFR profiles accompanying the AV profiles in Fig. 7
are plotted in Fig. 9. The profiles of high-redshift galaxies
are seen to lie above those of low-redshift galaxies, reflect-
ing the overall drop in the level of the SFMS since z ∼ 2
(e.g., Noeske et al. 2007; Whitaker et al. 2012; Speagle et al.
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Figure 7. AV profiles of face-on (b/a > 0.5) galaxies derived from the stacked UVI colour gradients (blue curves in Fig. 4). Solid curves
with different colours demonstrate different redshifts, and mass ranges are annotated at the top of each panel. Coloured shadows show
the profile errors including PSF-correction uncertainties (see text). Radial distances in arc seconds are rescaled to SMA units using
the galaxy median angular SMA size in each mass-redshift bin. Dashed vertical lines lie at 0.3 SMA, which approximate the typical
WFC3/F160W PSF radius size (≈ 0.18′′/2). The short coloured vertical lines show the median position of 1 kpc away from galaxy centres.
Dashed curves with the same colours represent stellar mass density profiles derived from fast, assuming solar metallicity, Calzetti law
and exponentially declining SFHs (note the separate mass density scales at the right axis). Normalization varies with mass and redshift,
but the shape of log AV vs. log r is quite constant over all galaxies.
2014). More striking is the small variation in sSFR with ra-
dius. With the exception of a single deviant curve at small
masses and late times, sSFR profiles below 1010.5M are
flat. This was foreshadowed by the UVI gradient vectors
in Fig. 3 and Fig. 4, and is also consistent with the results
of Liu et al. (2016). These galaxies are evidently forming
stars at virtually the same relative rate at all radii. In the
most massive bin above 1010.5M, a central drop of around
20 per cent is seen, which may indicate the onset of central
star-formation quenching associated with bulge formation in
massive galaxies. This is discussed further in Section 8.2.
7 COMPARISON WITH TWO RECENT
WORKS
7.1 AV profiles
As noted, relatively few previous studies have presented ra-
dial profile measurements of AV or sSFR in the manner
shown in this paper. However, two recent studies have ap-
peared that permit a direct comparison. Fig. 10 compares
our AV profiles to Balmer-based dust profiles using Hα/H β
from Nelson et al. (2016a), and to UV-based dust profiles
using the slope β of the UV continuum (Meurer et al. 1999),
from Tacchella et al. (2017). The Balmer decrement results
have been interpolated to fit the same stellar mass bins as in
our work; they measure dust extinction towards star-forming
regions. Our UVI method, based on fits to optical/near-IR
SEDs, measures continuum extinction to the average star.
The UV-β method measures the extinction of the young-
star stellar continuum and thus might be expected to be
intermediate between the other two.
In fact, Fig. 10 shows that the UV-β method and the
UVI method yield similar radial trends in AV , with highest
extinction values at centres and mild decreases towards the
galaxy outskirts by about a factor of 2 at 2 SMA. A similar
decline was found by Wuyts et al. (2012), who also studied
star-forming galaxies at 0.5 < z < 1.5 and logM?/M > 10.0,
though no explicit radial profiles were shown. These mild
trends also agree with local galaxies observed by Wild et al.
(2011), where continuum extinction was found to drop by
only around 20–30 per cent from 0.35 to 1 Petrosian radius,
more strongly in high-SFR galaxies.
In contrast, there is a strong discrepancy between both
continuum methods in Fig. 10 and the AHα results from Nel-
son et al. (2016a), which exhibit sharp peaks in galaxy cen-
tres but nearly transparent profiles beyond 2 kpc. This ra-
dial trend is very much steeper than the slow fall-offs in both
continuum methods. A popular two-component dust model
(e.g., Calzetti et al. 2000; Charlot & Fall 2000; Wild et al.
2011) permits AHα to be higher than the continuum attenu-
ation due to extra attenuation toward star-forming regions.
However, measurements of both nearby galaxies and distant
galaxies out to z ∼ 1 consistently find AHα/Acont ∼ 2 (e.g.,
Calzetti et al. 2000; Wild et al. 2011; Wuyts et al. 2013),
at variance with the much larger ratio variations in Fig. 10.
Taking into account potential systematic uncertainties may
mitigate this somewhat, such as [N ii] contamination, inap-
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Figure 8. Gradient length ∆AV , defined as the difference of AV
values at 0.2 SMA and 2 SMA, versus galaxy integrated extinc-
tion values AV for different masses and redshifts. ∆AV is roughly
proportional to AV , with the further trend that ∆AV /AV is grow-
ing moderately with time. The proportionality indicates a roughly
constant pattern in the radial shape of the absorption curve, as
shown in Fig. 7.
propriate SFH assumptions, and different stacking methods.
However, it is highly unlikely that the full discrepancy can
be explained by tweaks to the conventional picture.
More likely, if low AHα in the outer parts of distant
galaxies holds up with further data, this will signal a break-
down in our current geometrical model of dust, which is
putting dust of all types into foreground screens. More plau-
sibly, dust and gas are mixed with stars, but in different ways
for different stellar populations. The foreground dust model
for Hα regions may also be wrong; the geometry of dust in
H ii regions is complex and varies radially within the galaxy
in at least one nearby object (Liu et al. 2013). Moreover, a
major difference between local galaxies and distant galaxies
is the much higher dust content in the latter, which averages
1.5–2.5 mag in the high-mass bins. That much dust might
possibly lead to weird ‘skin effects’ (Wild et al. 2011) if cer-
tain populations lie farther in front of the dust than others.
Even so, constructing a model in which Hα in dusty galaxies
has essentially zero attenuation, even in the outer regions,
appears challenging.
7.2 sSFR profiles
Fig. 11 compares sSFR profiles in different stellar mass
ranges. In contrast to AV , sSFR profiles are much more con-
sistent.
The dashed lines again represent sSFR derived from
Hα emission in Nelson et al. (2016b), corrected by the AHα
profiles in Fig. 10 (which came from Nelson et al. 2016a). In
the correction, we assume the same differential attenuation
law as Wuyts et al. (2013):
Aextra(λ) = 0.9Acont(λ) − 0.15Acont(λ)2 (2)
where Aextra = AHα − Acont is the additional attenuation of
light at galaxy H ii regions, compared to the attenuation
caused by ambient diffuse dust in other regions (Acont). We
rewrite the equation above by replacing Acont with AHα:
Aextra(λ) = AHα(λ) − 6.33 +
√
40.11 − 6.67AHα(λ) (3)
The sSFR profiles in Nelson et al. (2016b) are calculated
from the quotient between Hα and WFC3/F140W surface
flux density (corresponding to rest-frame 7000 A˚ at z ∼ 1,
almost the same wavelength as Hα). Therefore we include
the corrections both from Hα and from the broadband in
the final sSFR calculation:
sSFRcorr = sSFRuncorr · 100.4AHα (6560A˚)−0.4Acont(7000A˚)
' sSFRuncorr · 100.4AHα (6560A˚)−0.4Acont(6560A˚)
= sSFRuncorr · 100.4Aextra(6560A˚)
(4)
where sSFRuncorr is the value presented by (Nelson et al.
2016b), and sSFRcorr is the dust corrected sSFR. This cor-
rection more than removes the steep central drops in raw
AHα seen in Nelson et al. (2016b), showing that they are
plausibly due to dust and not to drops in central sSFR. The
orange dotted curve are the sSFR values measured by Tac-
chella et al. (2017) using the UV-β method, which have been
scaled down by a factor of 3 to correct for the general decline
of sSFR with redshift (see Rodr´ıguez-Puebla et al. 2016).
Considering the vastly different radial dust corrections in
Nelson et al. (2016a) versus the two continuum methods, it
is remarkable that all three methods wind up giving sSFR
profiles that broadly agree in shape and overall magnitude.
Generally flat sSFR profiles are seen, though a slight cen-
tral fall of about (20 per cent) may be present in the most
massive bin in our data (red curve). This is discussed below.
8 DISCUSSION
The previous sections have derived consistent trends in the
radial behaviors of both sSFR and AV using the UVJ-based
calibration, which in turn is founded on the conventional
SED-fitting approach that assumes τ-models, solar metallic-
ity, the Calzetti attenuation law, and dust in a foreground
screen. Nevertheless, there are two puzzling aspects of the
data that prompt further discussion:
1) A well established property of galaxies is that their
stellar radii grow with time (van Dokkum et al. 2013; Patel
et al. 2013). In contrast, the present analysis finds that spe-
cific star-formation rates are roughly the same at all radii. If
this were literally true at all times and all radii, stellar radii
would not grow, leading to a contradiction with the data.
2) A second issue is the ratio of AV to stellar-mass sur-
face density. From Fig. 7, we see that this ratio increases
radially outward by a factor of ∼10 over the range of radii
sampled. As shown below, if dust scales roughly with gas,
this implies a large outward increase in gas-to-star density,
which is surprising for galaxies that supposedly have the
same sSFR at all radii. Alternatively, a large outward in-
crease in the dust-to-gas ratio could reconcile the data, but
the magnitude of the needed effect is again large and is back-
wards from normal galaxy models, which tend to be metal-
poor in their outer parts.
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Figure 9. Specific star formation rate (sSFR) profiles derived from the same stacked colour gradients as mentioned in Fig. 7. Curves
with different colours show different redshifts, and mass ranges are annotated at the top of each panel. Coloured shadows stand for the
standard uncertainty of the stacked profiles. Radial distance is scaled by the galaxy median angular SMA size of each mass-redshift
bin. Dashed vertical lines lie at 0.3 SMA, which approximate the typical WFC3/F160W PSF radius size (≈ 0.18′′/2). The short coloured
vertical line segments demonstrate the median position of 1 kpc away from galaxy centres. Aside from the lowest mass bin at low redshift,
the remainder of the profiles are basically flat with radius. A central dip of 20 per cent may exist at the highest mass.
The following sections discuss these two potential prob-
lems. We consider vulnerabilities in the conventional anal-
ysis that might help to explain away or mitigate the above
results. We also compare to recent hydrodynamic models
of galaxy formation, which, as will be seen, are largely in
accord with these observed properties.
8.1 Critique of AV values
We start the discussion of dust by reviewing how the conven-
tional values of AV from SED fitting are derived. This is ex-
plained by Fang et al. (2017, submitted) and illustrated here
in Fig. 12. Panel a) shows a variety of τ-models [i.e., models
with exponentially declining SFHs, SFR(t) ∝ exp(−t/τ)] with-
out dust. τ-models generate tracks whose slopes are steeper
than the Calzetti vector, which permits separating their stel-
lar population ages from dust reddening. Adding dust to
τ-models stretches them out along the Calzetti vector, pro-
ducing the familiar stripes of constant sSFR, with sSFR de-
creasing upwards. This is illustrated in panel b), which mixes
together solar-metallicity τ-models with different ages, τ’s,
and AV and colour-codes each point by its sSFR. It is seen
that models near a given spot in UVI have remarkably sim-
ilar sSFRs despite having a mixture of ages and τ’s. Note
that this pattern is violated by the constant SFR model (in-
finite τ), which evolves parallel to the reddening vector at
late times, despite having a falling sSFR. sSFR would be
modestly overestimated for such populations using the con-
ventional SED method, while AV would be overestimated by
up to 1 mag for periods of constant star formation lasting
for several billion years. To derive AV , a galaxy is slid back-
wards along the Calzetti vector to intersect the τ locus, and
the resulting AV varies approximately linearly with V − I.
We note that the conventionally derived AV values have
strong support. For example, UV-infrared excess (IRX) is
an independent measure of dust besides the optical/near-
IR SED method used here. IRX has been shown to corre-
late well with both r − K (Arnouts et al. 2013) and with
V − J (Forrest et al. 2016), supporting the notion that an
optical/near-IR colour index can measure dust. The corre-
lation between V − I and V − J established in this paper then
validates V − I. Also Tacchella et al. (2017) use the relatively
independent UV-β method, and our agreement with them
in Fig. 10 is further support.
As a further check, we have investigated the dependence
of AV on galaxy inclination. Star-forming galaxies are begin-
ning to settle to rotating disks by z ∼ 1 (Kassin et al. 2012),
and, if AV measures dust, it should be higher in edge-on
galaxies (see study of local disk galaxies by Devour & Bell
2016). A test of this is shown in Fig. 13, which shows AV
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Figure 10. Dust extinction profiles from three different works, our UVI colour gradient calibration, the Nelson et al. (2016a) Balmer
decrement measurement, and the Tacchella et al. (2017) UV-β measurement. AV profiles from this work are truncated at 0.2 SMAmed,
as indicated by the vertical coloured line segments, which is the typical limit of our resolution after PSF correction. Our profiles agree
reasonably well with Tacchella et al. (2017), who measure stellar continuum absorption, but disagree sharply with the Hα result of
Nelson et al. (2016a).
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Figure 11. Dust-corrected sSFR profiles from the same three works as introduced in Fig. 10 (Nelson et al. 2016a, Tacchella et al. (2017),
and this work), in combination with the 3D-HST Hα map results by Nelson et al. (2016b). As with Fig. 10, sSFR profiles of this work are
truncated at 0.2 SMAmed. The profiles shown in Nelson et al. (2016b) are corrected by the corresponding AV profiles from Nelson et al.
(2016a). All profiles agree remarkably well, including the Nelson et al. (2016b,a) result, whose corresponding AV profiles were deviant in
Fig. 10. See main text for details.
profiles of galaxies grouped by inclination. Flattened galax-
ies are now included, and the sample is divided into bins of
mass and axial ratio. It is seen that AV rises with inclina-
tion, as predicted. The relative change in AV with radius is
similar for all inclinations, as shown by the constant visual
offset between the (however, logarithmically plotted) curves
for different axis-ratio samples. This indicates a similar ra-
dial pattern of dust at different inclinations. Axis ratio data
thus further support the scenario that V − I measures dust
and that V − I colour gradients mainly reflect dust gradients.
A final comparison is with the recent hydrodynamic
models of galaxy formation by Ceverino et al. (2014) (also
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Figure 12. Panel a): Dust-free SPS tracks for three exponentially declining SFHs [SFR∝ exp(−t/τ)] and a constant star-forming SFH, all
with solar metallicity. Tracks are generated from the Bruzual & Charlot (2003) library with a Chabrier (2003) IMF. An offset of 0.15 mag
has been subtracted from model V − I in order to locate the tracks consistently relative to galaxies in UVJ and UVI ; concerted efforts to
identify the cause of this offset failed, and the correction has been applied empirically. Black arrows show the dust reddening vector and
its variations determined by Salmon et al. (2016), and points with different sizes mark different stellar ages, as indicated at bottom. The
age effect has a steeper slope than the Calzetti vector on the UVI plane, except for the constant SFR case. Panel b): Model distribution
of points in the UVI plane mixing galaxies with different ages, exponential SFH time scales (τ, 0.1–15.0 Gyr) and dust extinction values
on the UVI diagram. Each point is generated by the SPS models satisfying the conventional modeling assumptions and is colour-coded
by sSFR inferred from τ and age t. Stripes of constant sSFR along the Calzetti vector are clearly evident, and points at a given location
in UVI all have similar sSFR despite their being a mixture of ages and τ’s. Panel c): The effect of varying metallicity on a τ = 3.0 Gyr,
Z = Z SPS track. Red dashed arrows show the effect of increasing stellar metallicity from Z to 2.5Z , and cyan solid lines show the
effect of decreasing metallicity from Z to 0.2Z .
see Zolotov et al. 2015), as analyzed by Tacchella et al.
(2016). For low-mass galaxies with logM?/M < 10.2 near
z = 1, their fig. 7 shows a radial decline in stellar mass sur-
face density, Σ?, of ∼ 2 dex/dex over our range of measured
radii, compared to a fall in gas surface density, Σg, of only
∼ 0.3 dex/dex. This gradient ratio of ∼0.15 in gas to stars
agrees well with the ratio d log AV /d log Σ? = 0.25 seen in
our data in Fig. 7, assuming that AV scales in proportion
to Σg. A similar ratio is seen for their high-mass galaxies
though both declines are individually larger. Thus our data
look like models.
In short, continuum data from several studies (Wuyts
et al. 2012, Tacchella et al. 2017, and this work) indicate
slowly falling AV profiles in the outer parts of distant galax-
ies, and thus the presence of considerable gas there if the
dust-gas ratio is approximately constant (Rachford et al.
2009; Bolatto et al. 2013; Sandstrom et al. 2013).
We note in passing that, although both data and the-
ory support the conventional SED-fitting method, which em-
ploys τ-models, AV values could be lower using different stel-
lar population models. An experiment with a toy composite
stellar population is shown in Appendix B, formed by com-
bining different amounts of very old and very young stars.
Such a mixture might be appropriate to a fully quenched
bulge surrounded by a strongly star-forming outer disk. The
total central quenching in this model is thus too extreme for
our galaxies, but they may be evolving in this direction. It
is seen that the effect of compositeness is to create models
on curved loci that lie to the right of the τ-model tracks,
and thus yield lower values of AV . A second example is the
constant star-formation model (infinite τ) in Fig. 12, which
also evolves off to the right. Our point is that using τ-models
is not a neutral assumption about AV but rather tends to
maximize it. This should be kept in mind, especially at late
times, when compositeness tends to increase.
Furthermore, alternative dust geometry models may
also change our understanding of the dust surface density
distribution. Different from the dust screen model assumed
in this work, which predicts a proportional relation between
SED-fitted AV and dust surface density, AV can be a highly
non-linear function of dust surface density if in reality dust
is homogeneously mixed with stars (“dust slab” model, see
eq. 3 of Genzel et al. 2013). Similar models have been con-
sidered in several local studies (e.g. Tuffs et al. 2004; Wild
et al. 2011; Genzel et al. 2013; Devour & Bell 2016), however
still in question for high redshift galaxies (Wuyts et al. 2011;
Nordon et al. 2013; Salmon et al. 2016). As a verification of
the non-linear effect, we have used fast to fit model SEDs
of SFMS galaxies, created assuming exponential declining
SFHs, solar metallicity and different amount of attenuation
following the slab dust model. To best resemble the real data
and SED fitting process by Santini et al. (2015), these model
galaxies are in the same mass and redshift range as the ob-
servations, and their SEDs are sampled in the same observed
bands as the GOODS-South photometry catalog (Guo et al.
2013) to serve as the SED-fitting input. We find that when
the output AV declines from ∼2.0 mag to ∼1.0 mag, which is
the typical case in Fig. 7, the dust surface density (propor-
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tional to the total optical depth) drops by a factor of 6. This
value is still smaller than the observed stellar mass density
change (a factor of 10-20). Moreover, Nordon et al. (2013)
suggested that the realistic dust-star geometry of high red-
shift galaxies should be a hybrid of the dust screen model
and the slab model, which indicates that the factor derived
here with the slab model is an upper limit.
In summary, we find good agreement of AV profile mea-
surements with other observation results and hydrodynamic
simulations, assuming that the dust-gas ratio is approxi-
mately constant. When trying to infer dust (gas) surface
density from AV profiles, the slab dust model predicts a 3
times steeper drop than the screen model, which indicates
that dust geometry can significantly influence our under-
standing of the dust surface density distribution. However,
this only mitigates but does not remove the even larger dif-
ference between the inferred radial dust (gas) density slope
and the stellar density slope. Such persisting difference is
also found to exist in hydrodynamic simulations (Tacchella
et al. 2016). The deviation from τ SFH could bring bias to
our measured AV value, but will also break our established
consistence with other independent works.
The next section discusses this result in comparison to
more steeply falling SFR profiles.
8.2 Critique of sSFR values
The second problem with the conventional SED-fitting ap-
proach is that the resulting sSFR profiles appear to be con-
stant with radius. If true at all times and all radii, this would
yield star-forming galaxies with constant stellar-mass effec-
tive radii. In contrast, light-weighted effective radii are seen
to increase roughly as M0.3? (Patel et al. 2013; van Dokkum
et al. 2013, see also Papovich et al. 2015). It is true that
mass-weighted and light-weighted radii can differ in galax-
ies with stellar-population gradients (Fang et al. 2013), but
galaxies with flat sSFR profiles should not have such gra-
dients. A related datum is the evolution of galaxies in (Σ1,
M?) space, which plots stellar mass surface density within
1 kpc versus total stellar mass. Σ1 appears to grow more
slowly than M? (Barro et al. 2015), again indicating lower
central stellar-mass growth.
We turn again to hydrodynamic models for help in rec-
onciling these discrepancies. We find that plots of model
sSFR in fig. 7 of Tacchella et al. (2016) are remarkably flat
over our measured range of radii, especially in smaller galax-
ies at early times. The resemblance to our data is striking.
Nevertheless, the stellar-mass radii of these same galaxies
are growing. This is because gas is being added beyond our
measured radii, where considerable star formation is taking
place. Hence, our decision to limit the data to 2 Re may
have inadvertently eliminated regions that are contributing
most to radius and stellar-mass growth. Taking this limi-
tation into account would reconcile our flat sSFR profiles
with the observed radii growth of star-forming galaxies and
also with the slower growth of Σ1 relative to M? in Barro
et al. (2015). In essence, galaxies grow inside-out in an over-
all sense while star-forming, but our data only sample the
inner regions.
Beyond this, the streaming of stellar mass on to galaxy
outskirts via minor mergers and accretion may also con-
tribute to the galaxy size growth, which has been discussed
in recent works (Welker et al. 2017). We leave this possibility
open considering that the roles of mergers in galaxy forma-
tion is still in debate (e.g., Lotz et al. 2010; Puech et al. 2014
and references therein).
We further note that, although sSFR is flat, SFR falls
steeply (see Fig. 7) in contrast to gas and/or AV , which
both fall slowly. This behavior is a feature not only of the
data but also of the hydrodynamic models. A steep fall in
SFR plus a slow fall in gas is not consistent with the Ken-
nicutt law (Kennicutt 1992), which says that SFR ∝ Σng ,
where n ∼ 1.4. Obtaining agreement with the models and our
data would require increasing n to ∼ 3–4 over our measured
range of radii. Local spatially resolved galaxies exhibit the
same trend, and suggest that the high value of n at galaxy
outskirts is caused by H i dominating over H2 (Bigiel et al.
2008). This scenario should be pursued at high redshift in
future measurements.
Even though our data do not probe large radii, they are
a good probe of inner quenching. A major finding of this
paper is that, as an average trend bulges are not strongly
quenched over our measured range of masses and redshifts
(cf. the empty quenched regions in Fig. 3 and 4). We now
attempt to assess the levels of central star formation more
quantitatively. The sSFR profiles in Fig. 9 are uniformly flat
for all lower masses but may show central dips in the high-
est mass bin. Fitting sSFR as a power of r to these profiles
yields an average deficit of sSFR at 0.2 SMA relative to 1.0
SMA of 20 ±5 per cent, increasing to 24±5 per cent in the
lowest redshift bin (z = 0.4–0.8). In other words, sSFR pro-
files are flat at low mass but show small central depressions
at high mass, possibly growing modestly with time. Bulge
quenching thus appears to set in near z ∼ 1 at high masses,
evolving ultimately to the sequence of strongly quenched
bulges in high stellar-mass galaxies that is seen today (e.g.,
Gonza´lez Delgado et al. 2015, 2016).
This picture broadly agrees with previous work on z ∼ 1
galaxies, with some differences. Wuyts et al. (2013) used
dust-corrected Hα to measure radial star-formation patterns
in massive galaxies above logM?/M = 10.0 at z = 0.7–
1.5. The main result was constant sSFR throughout most
of the galaxies, in agreement with our flat sSFR profiles.
Some reduction in central sSFR was noted, but no numbers
were given. Patel et al. (2013) measured the time evolution
of stellar mass profiles in Milky Way progenitors and found
that growth rates inside and outside 2 kpc were the same
down to z = 0.9 (when corrected for M/L differences) and
diverged slowly after that. In a similar study, van Dokkum
et al. (2013) found identical inner and outer growth rates
down to z = 0.6. Shibuya et al. (2015) found a steep increase
of Se´sic index for star forming galaxies at z ∼ 1 and 10.5 <
log M?/M < 11.0, compared to the nearly invariant trends
in other mass-redshift ranges. The onset of bulge quenching
is detectable in our most massive bin, which is closest to the
Milky Way progenitor mass at z ∼ 1 (∼ 10.5 M), in a rough
agreement with the two Milky Way progenitor studies, and
lies in exactly the same range where Se´sic index is seen to
increase.
In a study using CANDELS images, Liu et al. (2016)
measured colour gradients in star-forming galaxies at z ∼ 1.
This study used the same radial photometry catalog used
in the present study. Radial rest-frame NUV − B colour gra-
dients were nearly zero for logM?/M < 10.0 after dust
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Figure 13. AV profiles as a function of axis ratio b/a and galaxy stellar mass. The data are stacked as in Fig. 4, but edge-on galaxies
are now included. For all stellar-mass bins, objects with smaller axis ratio have higher dust extinction, as expected for edge-on disks.
Vertical axes are plotted on a logarithmic scale to illustrate relative radial changes. Nearly constant vertical shifts indicate that AV
profiles maintain shape and shift by a constant factor at all radii as inclination varies.
correction, but significant residual colour gradients were
found above this, corresponding to d log sSFR/d log r ' 0.4
at 10.5 < logM?/M < 11.0. The mass trend agrees with
our results, but the central fall of ∼60 per cent in high-mass
galaxies is three times larger than what we find. The Liu
et al. (2016) study determined dust and SFR by running
fast directly on B through H band HST images, whereas
our study attempts to match a calibration based on SEDs
that originally includes IRAC bands. Preliminary tests fit-
ting fast with and without IRAC show significant scatter
and biases, which may contribute to the difference.
The only previous work in potentially serious disagree-
ment with the present results is Tacchella et al. (2015), which
used Hα fluxes to measure sSFR gradients in star-forming
galaxies at z ∼ 2.2. In massive galaxies with logM?/M =
10.8–11.7, central sSFR was found to be only ∼1/10 of outer
sSFR in the same objects (cf. their fig. 1B(c)). However,
no information on the Hα/Hβ ratio as a function of po-
sition was available. The subsequent data of Nelson et al.
(2016a) in Fig. 10 show that central Hα can be strongly
absorbed, and correcting that yields flat sSFR profiles (cf.
Fig. 11). The integrated dust attenuation value AV of the
massive galaxies studied by Tacchella et al. (2015) is around
1.0 mag, which indicates that AV in the galaxy centers can
be even larger than that value. So radial dust corrections
are needed to precisely constrain sSFR profiles. Subsequent
work by Tacchella et al. (2017) on z ∼ 2.2 galaxies used the
UV-β technique and found flat sSFR profiles for galaxies in
the range logM?/M = 10.0–11.0, as shown in Fig. 11. Sim-
ilar measurements at z ' 4 found centrally depressed sSFR
for galaxies with high central mass density, but no confirmed
central sSFR drop is seen when their sample is binned into
stellar mass bins (Jung et al. 2017).
We conclude this section with a discussion of other un-
certainties that may affect our sSFR profiles. Salmon et al.
(2016) conducted an independent study of the attenuation
law and found good overall agreement with Calzetti but a
small change in slope that varies with the amount of attenu-
ation, producing a curved reddening line in UVJ (and UVI )
above the Calzetti vector. Using the Salmon law would al-
ter sSFR gradients by typically 0.1 dex over our measured
radii, by amounts that depend on dust content. Low-mass,
low-dust galaxies would have central sSFR increased by 0.1
dex, while high-mass high-dust galaxies would have central
sSFR decreased by 0.1 dex, increasing central quenching.
Metallicity gradients, if present, would further impact
sSFR profiles. Panel c) of Fig. 12 shows the effect of vary-
ing Z on a galaxy’s location in the UVI diagram. Broadly,
increasing Z shifts points to the right and (possibly) down.
If stars are more metal-rich at the centres of galaxies, we
would first move that point left (and upwards) to correct it
to solar metallicity and then apply the present UVI calibra-
tion. In the presence of metallicity gradients, this correction
would move central points more than outer points, creating
a tilt with respect to the Calzetti vector, and thus an sSFR
gradient. Higher central metallicities would reduce central
sSFR’s, and thus produce more bulge quenching than the
conventional method, which uses uniform solar metallicities.
The size of the resulting gradients depends on metal-
licity, since stellar colours are less sensitive at low Z (see
Fig. 12c). A gradient of d log Z/d log r = −0.6 dex/dex pro-
duces d log sSFR/d log r = +0.2 dex/dex at super-solar metal-
licities, but the effect is three times smaller at sub-solar
metallicities. IFU surveys of distant galaxies (Stott et al.
2014; Wuyts et al. 2016; Leethochawalit et al. 2016) indi-
cate that gas-phase metallicity gradients mainly cluster in
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the range -0.05 to +0.05 dex/kpc at z ≈ 0.5–2.5, which con-
verts to approximately -0.5 to +0.5 dex/dex for our galax-
ies. However, galaxies that are initiating bulge quenching
would tend to be more massive and more highly differenti-
ated radially, and thus might be expected to have metallicity
gradients near the upper end of this range.
We have thus identified two corrections – metallicity
gradients and corrections to the attenuation law – that both
tend to increase the modest central sSFR depressions that
we detect. As metallicity cannot be measured from UVI
alone, correcting for it will require detailed absorption-line
spectra as a function of radius. Putting all numbers together,
we can imagine that the raw central drops of 20–25 per cent
measured in the massive bin could be perhaps twice as large.
However, none of these factors can actually move raw points
into the quenched region in UVI, and hence our averaged
galaxy centres are not close to being fully quenched.
The final factor to be considered is the accuracy of stel-
lar population models. As long as stellar populations are
τ-models or mixtures of τ-models, our sSFR values are ac-
curate, as shown in panel b) of Fig. 12. Section 8.1 mentioned
two types of models that evolve off the τ locus to the right:
composite models, as shown in Fig. B1 and discussed in the
Appendix B, and the model with constant SFR (infinite τ)
in Fig. 12. sSFRs for both of these models using the present
UVI calibration would be overestimated. However, as long
as stellar populations are reasonably uniform throughout a
galaxy, this error does not affect gradients. A non-uniform
attenuation model is also considered in the Appendix B,
i.e., mixing dusty young stars with dust-free old stars, which
could be closer to the realistic case of composite stellar popu-
lation. But still, quenched centres cannot be recovered under
such model tests. This overall means our findings of flat ra-
dial sSFR trends are robust against straightforward model-
ing of composite stellar population. But we acknowledge the
subtle possibility that more sophisticated stellar population
models in the future, including varying stellar metallicity
and more complex compositeness, can potentially alter the
conclusion.
To summarize, our measurements suggest that flat
sSFR profiles are the norm for low-mass galaxies but that
bulge quenching sets in around z ∼ 1 at high masses. Both
findings are in general accord with previous works. The ap-
parent contradiction between flat sSFR profiles and radius
growth can be reconciled by noting that our data are trun-
cated at 2 Re and stars may be forming outside this radius,
as seen in recent hydrodynamic models.
9 CONCLUSIONS
We have shown that measuring AV profiles is a promising
way to study the interstellar medium and its distribution in
distant galaxies. The major conclusions from this paper are
as follows:
1) We analyze the radial colour gradients of star-forming
galaxies from z = 0.4 to 1.4 and logM?/M = 9.0–11.0. HST
images of CANDELS galaxies from B through H are used to
derive rest-frame values of U − V and V − I in annular bins.
Galaxies are stacked in bins of mass and redshift, and radial
colour gradients for each bin are plotted in UVI. The data
cover ∼1 dex in radius starting near 1 kpc and extend to 2
Re, where they are truncated.
2) The sizes of colour gradients increase with global AV
and with galaxy stellar mass. Gradients parallel the Calzetti
reddening vector in the UVI plane, indicating that most of
the gradient is due to dust, not sSFR. Corrections are de-
rived for PSF smearing, and the data are stacked in both
arcsec and fractional effective radius, but the basic conclu-
sions remain the same. In particular, galaxy centres averaged
in redshift and stellar mass bins lie within the star-forming
region of UVI and are not quenched.
3) The integrated colours of galaxies in the UVI and
UVJ diagrams are compared, and it is shown that UVI can
also be used to derive sSFR and AV analogous to UVJ. The
calibrations for sSFR and AV derived by Fang et al. (2017,
submitted) for UVJ are transferred to UVI using the inte-
grated colours of galaxies in common. The calibrations are
based on fits to CANDELS catalogue values of sSFR and AV
that are derived using SED fits to integrated optical/near-IR
photometry, assuming declining-τ stellar-populations, stellar
metallicity, a Calzetti attenuation law, and dust in a fore-
ground screen. The resulting values are similar or identical
to conventional values of sSFR and AV derived by using the
fast SED fitting code. After mapping on to the UVI dia-
gram, the values of sSFR and AV are recovered with an rms
error of 0.15 dex and 0.18 mag respectively.
4) Integrated sSFR values decline weakly with both
mass and time, while integrated AV increases strongly with
mass. Integrated AV increases weakly with time at fixed
mass, but this trend reverses at the highest masses, where
AV decreases with time, possibly due to a loss of ISM at late
times. AV is higher in edge-on galaxies, and AV gradients are
steeper in dustier galaxies.
5) Radial sSFR and AV profiles based on our con-
ventional SED fitting calibration are presented versus ra-
dius. The sSFR profiles are generally flat except for the
logM?/M = 10.5–11.0 bin, where values at 0.2 SMA av-
erage 20 per cent smaller than at 1.0 SMA, increasing to 25
per cent in the lowest redshift bin. These trends are consis-
tent with bulge quenching setting in near z ∼ 1 at high mass.
AV profiles fall smoothly by about a factor of two from the
centre to the edge of the data at all masses and redshifts.
6) Two puzzling aspects of the data are considered. The
first is that sSFR profiles are flat in most mass bins yet
the radii of star-forming galaxies are observed to increase as
Re ∼ M0.3? . This discrepancy can be explained if new gas and
stars are being added outside our range of measured radii
that we are not sensitive to. A second point is that dust (gas)
surface density declines much more slowly than stellar-mass
surface density (assuming that AV is proportional to gas
surface density and non-varying dust-to-gas ratio). Switch-
ing from the dust screen assumption to the slab model only
mitigates but does not remove this difference. Comparing
this to SFR profiles then implies a Kennicutt law with ex-
ponent ∼4, much steeper than the conventional value of 1.4.
Interestingly, both of these features – flat inner sSFR pro-
files and shallow radial declines in gas surface density – are
also seen in recent hydrodynamic models, which also have
growing radii, flat inner sSFR profiles, and shallower fall-offs
in gas than in stars (Tacchella et al. 2016).
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APPENDIX A: EMPIRICAL REST-FRAME UVI
COLOURS
In order to derive the rest-frame colour profiles using multi-
band annular photometry, we try to deduce the empiri-
cal relations between rest frame colours and observer-frame
colours from the CANDELS integrated photometry cata-
logue (Guo et al. 2013; Galametz et al. 2013). For most
galaxies in UDS, only F606W, F814W, F125W, and F160W
photometry is available. Therefore in order to make the max-
imum use of our current data sample, we evaluate the feasi-
bility of using these four filters to constrain rest-frame U−V
and V − I colours.
Fig. A1 and Fig. A2 show the fitting of the relation be-
tween rest-frame colours and observer-frame colours. Each
point in the plots represents the integrated colours of one
individual galaxy from the CANDELS photometry cata-
logue, and the dashed curves are best-fitting models, ei-
ther as straight lines or quadratic curves. For the rest-frame
U − V colour, the typical scatter of our fitting is 0.1–0.2
mag, and no bias about the sSFR is found. For V − I, we
find the colour scatter increases significantly at high red-
shift, possibly caused by random photometry uncertainty,
but more likely by the increasing equivalent width (EW)
of strong emission lines in the observer frame. The scat-
ter at 0.4 < z < 0.8 is smaller than 0.05 dex. However for
0.8 < z < 1.4 the scatter can be as large as 0.1 dex, es-
pecially in the 1.0 < z < 1.2 and z > 1.4 bins, where the
scatter reaches to around 0.2 dex. The non-unit coefficients
in the x-axis quantity in some panels are the result of empir-
ical efforts to reduce this scatter. We constrain the sample
to z < 1.4 in order to obtain relatively accurate rest-frame
photometry and take special caution with the 1.0 < z < 1.2
samples by inspecting whether the derived UVI colour pro-
files follow the same evolutionary trend as other redshift
bins. Finally, as shown by Wuyts et al. (2013), there are
no systematic differences between the rest-frame colours de-
rived from the four VIJH bands and those derived from the
seven BVizYJH bands, for the range of rest-frame wave-
length and redshifts used here. Further details are given in
the figure captions. This indirectly supports the robustness
of rest-frame colour deduction in our work.
APPENDIX B: A TOY MODEL FOR THE
COMPOSITE STELLAR POPULATION
A toy model is shown in Fig. B1 to illustrate the features
of highly composite stellar population. By ‘composite’, we
mean strongly bimodal mixtures of old and young stars,
which significantly deviate from the predictions of the ex-
ponentially declining SFH (τ-model). The integrated pop-
ulations of galaxies may evolve in this direction as bulges
quench and star formation continues in the outer parts. Less
obvious, though still possible, is the compositeness at a given
radius, where old and young population may co-exist. In gen-
eral, the possibility of compositeness is greater at later times,
when the oldest stars can be much older than the youngest
stars. Hence, compositeness is likely to be more of a concern
at lower redshifts.
The top and bottom points at the ends of the black
dashed curve in Fig. B1 represent two typical stellar popu-
lations of quenched galaxies and blue star forming galaxies,
with little dust extinction. The sSFR and AV of the two
points are identified from the CANDELS catalogue as de-
scribed in the main text. Then we mix the two populations
by various mass ratios, as shown by mquenched : myoung in
the figure, and locate the mixed populations on the UVI
diagram by inferring their colours from the mass ratio and
the mass-light ratios, as retrieved from the CANDELS rest-
frame photometry catalogue. These model populations are
shown as star symbols lying on the black dashed curves in
the figure. For each stellar population mixture, we calculate
its sSFR from the inferred total mass and SFR, indicated as
sSFRToy Model. This is compared with the sSFR that would
be derived from the UVI calibration method explained in
Section 5, indicated as sSFRUVI .
Finally, three observed colour gradients for the mass bin
logM?/M = 10.5–11.0 and redshift range z = 0.4–1.2 are
overplotted in Fig. B1, to show as an example how compos-
ite models would change our interpolation of sSFR and AV
gradients. We infer the sSFR and AV profiles by assuming
that the colour gradients are caused by uniform attenuation
of the composite stellar population on the dashed curve. The
inferred AV profiles, in comparison with those derived from
the UVI calibration method, are shown in panel b.
The major impact of using the composite model is to
greatly reduce the derived value of AV . This occurs because
the composite model lies systematically to the right of the
τ-laws (see the gray curve), so that deduced AV is lower.
For the AV gradients shown, the composite model subtracts
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Figure A1. Fitting the relation between the rest-frame U −V colour and various observer-frame filter combinations. Each point in the
plots represents the integrated colours of one galaxy from the CANDELS photometry catalogue. Dashed curves are best-fitting linear
or quadratic models. All the points are colour-coded by sSFR, in the same way as Fig. 2. These are the relations used in this paper to
derive rest-frame U −V colour from VIJH aperture photometry. An important criterion in adopting these relations is that red quiescent
and red dusty galaxies lie on the same line. That has generally been achieved, as seen by the lack of separation between high and low
star-forming galaxies.
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Figure A2. Similar to Fig. A1, but fitting the rest-frame V − I colour. At 1.0 < z < 1.2 and 1.2 < z < 1.4, empirical combinations
of the brightness of three bands, ACS/F814W, WFC3/F125W and WFC3/F160W, are used. These were aimed at by experimentation
minimizing the offsets between red quiescent and red dusty galaxies. A further source of scatter appear to come from strong emission
lines (Hα in F125W at 1.0 < z < 1.2) and [O iii] in F125W at 1.4 < z < 1.6. Results from 1.0 < z < 1.2 received close inspection, and
redshifts beyond z > 1.4 were deleted as too risky.
a full 1.0 mag from all AV values. Relative AV gradients are
preserved, but the outer values are reduced to zero. This ex-
ercise shows that compositeness is one approach to reducing
outer dust values, if that is deemed necessary. It also illus-
trates how τ-models tend to maximize AV values relative to
other stellar population possibilities. Therefore gas profiles
inferred from the composite model would have much larger
relative radial changing rates due to the zero point shift.
Comparing with values given by the composite models, the
UVI values are fairly accurate near the ends of the black
curves, but overestimate sSFR by about ×3–4 near the top
of the blue cloud and in the green valley. Compositeness thus
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Figure B1. Panel a): A toy composite stellar population model in the UVI diagram. The top and bottom stars are typical quenched and
blue star-forming galaxies from the CANDELS catalogue; their mass-to-light ratios are CANDELS catalogue values from SED fitting.
These two populations are combined with the mass ratios shown (blue labels), and the resulting UVI colours are the intermediate blue
stars. A conventional τ model with τ = 1.0 Gyr plotted in Fig. 12 is shown again here as the gray curve for comparison. The sSFR
values deduced from the UVI calibration versus the actual values from the toy models are shown as the red labels. The UVI values are
fairly accurate near the ends of the range but overestimate sSFR by about ×3–6 near the top of the blue cloud and in the green valley.
Compositeness thus appears to preserve the relative rankings of sSFR but compresses the range of deduced sSFR within the blue cloud.
Panel b): Old versus new AV profiles for massive galaxies using conventional τ-models (top) as the unreddened starting model versus
the composite model (third star down in panel a)). Using the composite model subtracts roughly 1.0 mag from all AV values, preserving
the absolute AV gradient but reducing the outer value to zero.
appears to preserve the relative rankings of sSFR but com-
presses the range of deduced sSFR within the blue cloud.
The relatively flat trend of colour gradients is not affected
because that they are parallel to the Calzetti vector.
Besides this uniform dust screen model, we have also
tested differential attenuation models (not shown), which
mixes dust-free old stars and the dusty star forming pop-
ulation to match the observed UVI colour gradients. In
this case the effective mass-to-light ratio of young stars in-
creases by an additional factor of ∼ 4 due to dust attenuation
(AV,youngstar ∼ 1.5 mag). As a result, young dusty stars must
dominate over the old stars in mass to match the observed
colours of galaxy centres, and the high fraction of old stars
cannot be achieved as expected. The flatness of sSFR pro-
files and the shift of AV profiles are found to be similar with
those from the uniform attenuation model.
In a word, our toy models of composite stellar popula-
tion shift the AV profiles downward by the same amount,
but cannot alter the relatively flat trend of sSFR profiles,
indicating that the active central star-formation described
in the main text is robust against the tests.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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